In this study, a parameterization method based on NOAA-14/AVHRR data and field observations is described and tested for deriving the regional land surface variables, vegetation variables and land surface heat fluxes over a heterogeneous landscape. As a case study, the method was applied to the Tibetan Plateau area. The regional distribution maps of surface reflectance, MSAVI, vegetation coverage, surface temperature, net radiation, soil heat flux, sensible heat flux and latent heat flux were determined over the Tibetan Plateau area. The derived results were validated by using the ''ground truth''. The results show that the more reasonable regional distributions and their seasonal variations of land surface variables (surface reflectance, surface temperature), vegetation variables (MSAVI and vegetation coverage), net radiation, soil heat flux and sensible heat flux can be obtained by using the method proposed in this study. However, the approach of deriving regional latent heat flux, and their seasonal variation as the residual of the energy budget, may not be a good method due to the unbalance of energy and the strong advection over the study area. Further improvement of the method was also discussed.
Introduction
The Tibetan Plateau, with one million km 2 area and the averaged altitude of about 4000 m, plays a very important role in the Asian monsoon circulation, and the global climate change. The GEWEX Asian Monsoon Experiment over the Tibetan Plateau, GAMETibet, was carried out in the Tibetan Plateau, and the intensive observation period (IOP) was continued from May to September 1998. The experimental region, about 100 Â 200 km 2 , includes a variety of land surfaces such as a large area of grassy marshland, some arid areas, many small rivers and several lakes. At different landscapes, two basic comprehensive observation stations (Anduo and NaquFx), two Flux-PAM (Portable Automated Meso-net) observation stations (MS3478-NPAM and MS3637-SPAM), three automatic weather stations (D110-AWS110, Naqu and MS3608-AWS3608), one 3D Doppler Radar, radio sonde system, soil moisture and soil temperature net, rain gauge net and barometer net had been operated continuously for almost five months. A large amount of surface observation data has been collected (Fig. 1) .
The study on the energy exchanges between the land surface and atmosphere was of paramount importance for GAME-Tibet. Some interesting detailed studies concerning the land surface heat fluxes have been reported Tamagawa et al. 1999; Tsukamoto et al. 1999; Ma et al. 1999a; Ma et al. 1999c; Yasunari 1999; Kuwagata et al. 1999; Ma et al. 2000; Koike 2000; Tanaka et al. 2001) . These researches were, however, on point-level or a local-patch-level. Since the aerial, but not only point-wise, information of land-surface atmosphere interaction is required, the aggregation of the individual results into a regional scale is necessary. Remote sensing from satellites offers the possibility to derive regional distribution of land surface heat fluxes.
The purpose of this study is to upscale the point or patch scale field observations of land surface variables, and land surface heat fluxes to meso-scale distribution of them with the aid of NOAA-14/AVHRR data. First describe the methodology in section 2. The application of the methodology to the GAME/Tibet period is presented in section 3, where the distribution of land surface variables, vegetation variables, and land surface heat fluxes are estimated for three different phases, pre-monsoon, midmonsoon, and post-monsoon. Discussions are also given in the section.
Data and methodology

Data
The NOAA-14 Advanced Very High Resolution Radiometer (AVHRR) provides spectral information in 5 bands, with a spatial resolution of about 1 km Â 1 km. Three scenes of satellite data used in this study were collected at 14:43 h (Local Time at 92 E, LT) June 12, 1998, 13:21 h (LT) 16 July, 1998 and 13:25 h (LT), August 21, 1998 .
The most relevant field data, collected at the GAME/Tibet surface stations, consists of radiosounding, vertical profiles of air temperature, wind speed and humidity, soil heat flux, surface radiation budget components, turbulent fluxes measured by eddy-correlation technique and PBL tower, and the vegetation state.
Methodology
The general concept of the methodology is shown in a diagram (Fig. 2) . The surface reflectance for short-wave radiation (r 0 ), and land surface temperature (T sfc ), are retrieved from NOAA-14/AVHRR data with the atmospheric correction by radiative transfer model MOD-TRAN (Berk et al. 1989 ) using aero-logical observation data. The radiative transfer model also computes the downward short-and longwave radiation at the surface. With these results the surface net radiation (R n ) is deter- Fig. 1 . The geographic map and the sites layout during IOP of the GAME/Tibet. mined. The soil heat flux (G 0 ) is estimated from R n , T sfc , r 0 and MSAVI (Modified Soil Adjusted Vegetation Index, Qi et al. 1994) which is also derived from NOAA-14/AVHRR data. The sensible heat flux (H ) is estimated from T sfc , surface and aero-logical data with the aid of so called 'blending height' approach (Mason 1988 ).
a. Net radiation
The regional net radiation flux is expressed as 
where surface reflectance r 0 ðx; yÞ is derived from the channel-1 and -2 of NOAA-14/AVHRR data with the models of Paltridge and Mithchell (1990) and Valiente et al. (1995) . The surface emissivity e 0 ðx; yÞ is a function of vegetation coverage, and the vegetation coverage P v is also derived from channel 1 and 2 data with the algorithm by Valor and Caselles (1996) (1) is retrieved from the brightness temperature of channels four and five of NOAA-14/ AVHRR according to Li (1990 and 1995) . We first assume that the T sfc is expressed as T sfc ¼ FðT 4 ; T 5 ; e 4 ; e 5 ; W; yÞ;
where T 4 and T 5 are the brightness temperatures of channels 4 and 5 of AVHRR, e 4 and e 5 are the spectral emissivities of channel 4 and 5 respectively, W is water vapor content, which can be derived from MODTRAN (Kneizys et al. 1996) model by using air temperature and humidity profiles observed through the radio sonde, and y represents the view angle of satellite. Equation (3) was expressed by different split window algorithms (Becker and Li 1995) . The algorithm proposed by Sobrino and Raissouni (2000) will be used in this study, i.e., 
where e ¼ ðe 4 þ e 5 Þ/2, De ¼ e 4 À e 5 (Li and Becker 1993) . The incoming short-wave radiation flux K # ðx; yÞ in Eq. (1) could be derived from radiative transfer model MODTRAN (Kneizys et al. 1996) , where atmospheric short-wave transmittance t sw is obtained by using the radio sonde data and the surface reflectance and surface temperature observed in the field. Hence K # ðx; yÞ can be obtained as 
where K # exo ðbÞ is the averaged in-band solar exoatmospheric irradiance undisturbed by y sun be- ing zero, b is abbreviation of in-band, d s is the earth-sun distance, y sun is sun zenith angle. The incoming long-wave radiation flux L # ðx; yÞ in Eq.
(1) could also be calculated from MOD-TRAN by using the radio sonde data and the surface reflectance and surface temperature observed in the field.
b. Soil heat flux
The regional soil heat flux G 0 ðx; yÞ is usually determined by (Choudhury and Monteith 1988) G 0 ðx; yÞ ¼ r s C s ½ðT sfc ðx; yÞ À T s ðx; yÞ/r sh ðx; yÞ; ð7Þ where r s is soil dry bulk density, C s is soil specific heat, T s ðx; yÞ stands for soil temperature of a determined depth, r sh ðx; yÞ represents soil heat transportation resistance. However, the regional soil heat flux G 0 ðx; yÞ cannot directly be mapped from satellite observations through Equation (7) for the difficulty to determine the soil heat transportation resistance r sh ðx; yÞ, and the soil temperature at a reference depth T s ðx; yÞ. Many investigations have shown that the mid-day G 0 /R n fraction is reasonably predicted from special vegetation indices . Some researchers have shown that G 0 /R n ¼ GðNDVIÞ (Clothier et al. 1986; Choudhury et al. 1987; Kustas and Daughtry 1990 ). An improved fraction of G 0 /R n ¼ Gðr 0 ; T sfc ; NDVIÞ was proposed (Menenti et al. 1991; Bastiaanssen 1995) . However, problems exist in the NDVI definition equation because of the effects of external factors, such as soil background variations (Huete et al. 1985; Huete 1989) . In order to reduce the soil background effect in NDVI, a parameterization based on MSAVI is proposed over the Tibetan area in this study as G 0 ðx; yÞ ¼ R n ðx; yÞ Á ðT sfc ðx; yÞ/r 0 ðx; yÞÞ
where the constants a, b, c, d and e are determined by using the field data observed at six observation stations (AWS110, Anduo, NPAM, Naqu, AWS3608 and SPAM) during the GAME/Tibet IOP; r 0 is a daily mean reflectance value obtained from field observations. MSAVIðx; yÞ was derived from the band reflectance of channel 1 and 2 of NOAA-14/ AVHRR as (Qi et al. 1994) MSAVIðx; yÞ 
where k is the Von-Karman constant, u Ã is the friction velocity, z is reference height, d 0 is zero-plane displacement height, Z 0m is the effective aerodynamic roughness, c m and c h are the stability correction function, and kB À1 is the excess resistance to heat transfer, and (Owen and Thomson 1963; Chamberlain 1968) 
where z 0m and z 0h are aerodynamic roughness and thermodynamic roughness, respectively. Combining Eqs. (10), (11) and (12) 
The straightforward way to model sensible heat flux in a large area is to sum up the contribution from different surface elements. If the local scale advection is comparatively small, it is desired that the development of a convective boundary layer may smooth the local heterogeneity of surface disorganized variety at the so called 'blending height', where atmospheric characteristics become proximately independent of horizontal locations. The corresponding 'effective' surface variables can be determined accordingly (Mason 1988) . This approach has been proved to be successful to calculate regional averaged surface fluxes recently (Lhomme et al. 1994; Bastiaassen 1995; Wang et al. 1995; Ma et al. 1999b; Ma et al. 2002b 
where Z B is the blending height, u B and T air-B are wind speed and air temperature at the blending height respectively. Z B , u B and T air-B are determined by using field measurements or numerical models. In this study, these variables will be determined with the aid of field measurements of radio sonde. Z 0m ðx; yÞ is the effective aerodynamic roughness length including the effect of topography and low vegetation (e.g., grass), and is determined by the Taylor's model (Taylor et al. 1989 ). The excess resistance to heat transfer, kB À1 , is shown as a function of surface temperature over the Tibetan Plateau area (Ma et al. 2002a ). d 0 is zeroplane displacement, which can be calculated from Raupach's model (Raupach 1994 ) over this area. c h ðx; yÞ and c m ðx; yÞ are the integrated stability functions in equation (15). For unstable condition, the integrated stability functions c h ðx; yÞ and c m ðx; yÞ are written as (Paulson 1970) 
where R i ðx; yÞ is the Richardson number. The regional latent heat flux lEðx; yÞ is the residual of the energy budget theorem for land surface, i.e., lEðx; yÞ ¼ R n ðx; yÞ À Hðx; yÞ À G 0 ðx; yÞ: ð19Þ
Results and discussions
It is better to select the satellite data in clear days to study the distribution of land surface variables, vegetation variables and the energy budget components. Unfortunately, it was difficult to select this kind of satellite data over the Tibetan Plateau area for the strong convective clouds when NOAA-14/AVHRR observation took place. Only three scenes of the NOAA-14/AVHRR could be selected during the whole IOP. The scene of June 12, 1998 was selected as a case of pre-monsoon and whole mesoscale area. The scenes of July 16, 1998 and August 21, 1998 were selected as the cases of midmonsoon and the post-monsoon. The images around Anduo station and NPAM station were selected as the comparable areas because fluxes measurements using sonic anemometerthermometer were undertook at these two stations. It is also very clear around these two stations on the images of NOAA-14/AVHRR. Figure 3 shows the distribution maps of surface reflectance, surface temperature, vegetation coverage, MSAVI and surface heat fluxes of the mesoscale experimental area. Each pixel is 1 Â 1 km 2 and 180 by 51 pixels are shown. Figure 4 shows their frequency distribution of these variables over the whole mesoscale experimental area. The distribution of land surface variables and vegetation variables around Anduo station and NPAM station were compared for different phases of the monsoon in The land surface variables and land surface heat fluxes derived from satellite data were compared with the field measurements at Anduo and NPAM sites. They are shown in Fig. 7 and Table 1 . The field observational data, which used for validation here, was just measured at the time of satellite over passed the area, or ten minutes averaging value around that time. The mean absolute percent difference (MAPD) was computed as a quantitative measure of the difference between the derived results on No. i point (H derivedðiÞ ), and mea-sured value on No. i point (H measuredðiÞ ) of one scene as
It is seen that: (1) the derived land surface variables, vegetation variables and heat fluxes for the whole meaoscale area on 12 June 1998 were in good accordance with the land surface status. These parameters show a wide range of variations due to the strong contrast of surface features in the study area. MSAVI varies from 0.00 to 0.30. Vegetation coverage P v varies from 0.00 to 1.00. Surface reflectance is from 0.00 to 0.35 (some of the surface reflectance with value large than 0.35 indicating cloud- Fig. 7 . Comparison of the derived results with the field measurements for the surface reflectance, surface temperature and land surface heat fluxes over the GAME/Tibet area, together with 1 : 1 line. Fig. 1, Fig. 3 and Fig. 4) ; (2) not only on June 12, but also on July 16 and August 21, the derived surface reflectance, surface temperature, net radiation flux, soil heat flux and sensible heat flux were close to the field measurements. The difference between the derived results and the field observation MAPD was less than 10% (see Table 2 , Fig. 5,  Fig. 6, Fig. 7 and MASVI case in the Table 1) ; (3) not only on June 12, but also on July 16 and August 2, the value of the vegetation coverage in this area was almost the same due to the land surface in this area is covered by the same grassy marshland in these days. The only difference was that the grass was dry on June 12 (with small MSAVI). It became green and wet on July 16 and August 21 (with higher MSAVI) for this area (see Fig. 5 and Fig. 6 ); (4) during the experimental periods, the derived net radiation flux was larger than that in the HEIFE area due to the high altitude (the higher value of downward short-wave radiation), and land surface coverage of grassy marshland (the lower value of the upward longwave radiation) in this area (see Fig. 3 , Fig. 5 and Fig. 6 ). For example, the regional average value of net radiation flux was 470 W/m 2 over the HEIFE area in 9 July, 1991 and that was 750 W/m 2 over the GAME/Tibet area in 16 July, 1998; (5) the values of surface reflectance, surface temperature, soil heat flux and sensible heat flux in June over this area were larger than these values in July and August. Net radiation flux and latent heat flux in June were lower than their values in July and August. The reason is that June 12 was the day before the Asia Monsoon coming. The land surface was dry in that day. July 16 and August 21 were within and after the Asia Monsoon. The land surface was wet, and the grass was high and growing (see Fig. 3, Fig. 5 and Fig. 6 ); (6) problems existed in the NDVI definition equation because of the external factor effect, such as soil background variations (Huete et al. 1985; Huete 1989) . To reduce the soil background effect, Qi et al. (1994) proposed using MSAVI. Therefore, the parameterization method based on MSAVI for soil heat flux is better than that based on NDVI on heterogeneous land surface of the Tibetan Plateau. The derived regional soil heat fluxes, based on MSAVI were reasonable in different months in this area with MAPD less than 10% (see Fig. 3,  Fig. 6, Fig. 7 and Table 1), and it was better than the derived regional soil heat fluxes based on NDVI (see Table 1 ); and, (7) all elements of heat balance equation at NPAM site on June 12 well corresponded to the satellite data. On the other hand, all but latent heat flux corresponded to the satellite data in other seasons, and other stations. The conclusions derived from above facts were, (a) net radiation, sensible heat flux, and soil heat flux could be derived from satellite, (b) in the case of NPAM on June 12, because the surface energy balanced in the surface observation so that the latent heat flux estimated by surface observation, well corresponded to that estimated by the residual of satellite data analysis. One dimensional energy budget did not balance due to large errors of the latent heat flux through the surface observation and advection in this area. The large error of the measurement on latent heat flux may dpend on the accuracy of the turbulence measurement sensors (Ma et al. 1999a; Ishikawa et al. 1999; Ma et al. 1999c; Ma et al. 2000; Tanaka et al. 2001 ). This point and conclusion (a) clearly show the disagreement of latent heat flux between surface observations and satellite one.
Concluding remarks
In this study, distributions of land surface variables (surface reflectance and surface temperature), vegetation variables (MSAVI and vegetation coverage P v ), land surface heat fluxes (net radiation, soil heat flux and sensible heat flux) over the heterogeneous area of GAME/Tibet were derived by using NOAA-14/ AVHRR data and field observations. The results were in good agreement with field observations. The approach of deriving regional latent heat flux, and their seasonal variation as the residual of the energy budget, may not be a good method due to one-dimensional energy budget unbalance and the strong advection over the study area when the satellite passed over the area. Future improvements are to 
In other words, the regional latent heat flux will be correctly derived when the advection qSðx; yÞ/qt and the errors DR n ðx; yÞ, DG 0 ðx; yÞ and DHðx; yÞ are determined by using the suitable models and much better measurement sensors.
It is also worth trying SEBI (Surface Energy Balance Index, Menenti and Choudhury 1993) method, which is based on the PenmenMonteith equation (Monteith 1965) .
